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Neutrino masses are one of the most promising open windows to physics
beyond the Standard Model (SM). Several extensions of the SM which
accommodate neutrino masses require the addition of right-handed neu-
trinos to its particle content. These extra fermions will either be kine-
matically accessible (sterile neutrinos) or not (deviations from Unitarity
of the PMNS matrix) but at some point they will impact neutrino oscilla-
tion searches. We explore the differences and similitudes between the two
cases and compare their present bounds with the expected sensitivities of
DUNE. We conclude that Non-Unitarity (NU) effects are too constrained
to impact present or near future neutrino oscillation facilities but that
sterile neutrinos can play an important role at long baseline experiments.
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1 Introduction
The simplest extension of the Standard Model (SM) of particle physics able to account
for the evidence for neutrino masses and mixings consists in the addition of right-
handed neutrinos to its particle content. The new physics scale is the Majorana mass
of the new states and, since it is not related to the electroweak symmetry breaking
mechanism, there is no theoretical guidance for its value. A large Majorana scale leads
to the celebrated seesaw mechanism [1–4], providing a very natural explanation of the
lightness of neutrino masses. Conversely, a light neutrino mass could also naturally
stem from a symmetry argument [5–11]. This proceeding is based on [12] where
we analyze the phenomenological impact of these new physics in neutrino oscillation
facilities. If the new mass scale is kinematically accessible in meson decays, the
sterile states will be produced in the neutrino beam. On the other hand, if the extra
neutrinos are too heavy to be produced, the effective 3 × 3 PMNS matrix will show
unitarity deviations. We will refer to these situations as sterile and Non-Unitary (NU)
neutrino oscillations, respectively. The aim of our work is to discuss the similitudes
and differences among these two regimes clarifying in which limit they lead to the
same neutrino oscillation phenomenology.
2 Non-unitarity and sterile ν phenomenology
If n extra right-handed neutrinos are added to the SM Lagrangian, the full mixing
matrix (including both light and heavy states) can be written as
U =
(
N Θ
R S
)
, (1)
where N represents the 3 × 3 active-light sub-block (i.e., the PMNS matrix), which
will no longer be unitary. Here, Θ is the 3 × n sub-block that includes the mixing
between active and heavy states, while the R and S sub-blocks define the mixing of
the sterile states with the light and heavy states, respectively. Note that both R and
S are not involved when considering oscillations among active flavours.
2.1 Non-unitarity case
In the case of NU, only the light states are kinematically accessible and the amplitude
for producing one of these states and a charged lepton of flavour α in a particular
decay is proportional to the mixing matrix element N∗αi. In the mass eigenstate basis,
the evolution of the produced neutrino state is given by the Hamiltonian [13]
H =
1
2E
0 0 00 ∆m221 0
0 0 ∆m231
+N †
VCC + VNC 0 00 VNC 0
0 0 VNC
N, (2)
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where VCC =
√
2GFne and VNC = −GFnn/
√
2 are the charged-current (CC) and
neutral-current (NC) matter potentials, respectively. The amplitude for a neutrino
in the mass eigenstate j to interact as a neutrino of flavour β is given by the mixing
matrix element Nβj, which means that the oscillation probability will be given by
Pαβ = |(NS0N †)βα|2, (3)
where S0 = exp(−iHL) for a constant matter potential. Here Pαβ denotes the “theo-
retical” oscillation probabilities, defined as the ratio between the observed number of
events divided by the product of the SM-predicted flux times cross section. However,
in practice neutrino oscillation experiments do not measure Pαβ. Most present and
future experiments rather determine the flux and cross sections via near detector data
and extrapolate to the far detector by correcting for the different geometries, angular
apertures, and detection cross sections. For the near detector, we assume that the
phases corresponding to the propagation of the light neutrinos have not yet developed
significantly and therefore S0 = I, resulting in the experimentally inferred probability
Pαβ =
∣∣(NS0N †)βα∣∣2
((NN †)αα)2
. (4)
In the SM limit the matrix N becomes unitary and Pαβ = Pαβ as expected.
2.2 Sterile neutrino case
In the sterile neutrino scenario, all of the states are kinematically accessible and the
oscillation evolution matrix S, involving both light and heavy states, takes the form
S = US0U †, (5)
where S0 is the full (3+n)×(3+n) evolution matrix expressed in the mass eigenbasis.
For vacuum oscillations, we find that S0 = diag(exp(−i∆m2j1L/2E)). Therefore, the
active neutrino 3× 3 sub-block S can be simplified to
Sαβ =
∑
i∈light
NαiS
0
ijN
∗
βj +
∑
J∈heavy
ΘαJΘ
∗
βJΦJ , (6)
where α, β stand for active neutrino flavors, ΦJ is the phase factor acquired by the
heavy state J as it propagates, and S0 is defined in the same way as in the NU case.
In the limit ∆m2iJL/E  1, the oscillations are too fast to be resolved at the detector
and only an averaged-out effect is observable. In this averaged-out limit, the cross
terms between the first and second term average to zero and we find
Pαβ = |Sαβ|2 =
∣∣∣∣∣∑
i
NαiS
0
ijN
∗
βj
∣∣∣∣∣
2
+O(Θ4) , (7)
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which recovers the same expression as in the NU case given in Eq. (3). For oscillations
in the presence of matter, the sterile neutrino oscillations will be subjected to a matter
potential
Hfmat =
(
V3×3 0
0 0
)
with V3×3 =
VCC + VNC 0 00 VNC 0
0 0 VNC
 . (8)
If the matter potential is small in comparison to the light-heavy energy splitting
∆m2iJ/2E, the light-heavy mixing in matter will be given by
Θ˜αJ = ΘαJ +
2E
∆m2iJ
(δαeVCCΘeJ + ΘαJVNC) (9)
to first order in perturbation theory. In the limit ∆m2iJ/2E  VCC, VNC, we can-
ntherefore neglect the difference between the heavy mass eigenstates in vacuum and
in matter, and apply Eq. (7). Thus, the matter Hamiltonian in the light sector can be
computed in exactly the same way as for the NU scenario and we find again the same
expressions for the theoretical probability in Eq. (3) as for the NU case, at leading
order in Θ.
Also in the sterile neutrino case the impact of the near detector measurements
on the extraction of the experimentally measurable probability should be taken into
account. In this work we will always assume that the oscillations due to the additional
heavy states are averaged out at the far detector. However, this might not be the
case at the near detector. We will focus on the following two scenarios:
1. The light-heavy oscillations are averaged out already at the near detector. For
practical purposes, the oscillation phenomenology in this case is identical to the
NU case and Eq. (4) also applies. For the experimental setup of DUNE, with a
peak neutrino energy of ∼ 2.5 GeV and a near detector distance of ∼ 0.5 km,
this is the case when ∆m2 & 100 eV2.
2. The light-heavy oscillations have not yet developed at the near detector, but
are averaged out at the far detector. In this case, the near detector would
measure the SM fluxes and cross sections, and therefore the denominator in
Eq. (4) would be equal to one. In this case, the experimental probability would
coincide with the “theoretical” probability in Eq. (3). This scenario is the one
implicitly assumed in many phenomenological studies. For DUNE, since the
far detector baseline is 1300 km, this would be the case only in the region
0.1 eV2 . ∆m2 < 1 eV2.
3
3 Parametrizations
The non-unitarity effects stemming from the heavy-active neutrino mixing can be
parameterized as
N = TU = (I − α)U where α = (1− T ) =
αee 0 0αµe αµµ 0
ατe ατµ αττ
 , (10)
where T is a lower triangular matrix [14–16] and ααβ  1. In Eq. (10) U is a
unitary matrix that is equivalent to the standard PMNS matrix up to small corrections
proportional to the deviations encoded in α. When the normalization at the near
detector is considered, it effectively cancels any leading order dependence on αββ in
disappearance channels in vacuum. Expanding in αδγ we obtain
Pαβ '
∣∣∣∣∣(1 + ααα − αββ) (US0U †)αβ −∑
δ 6=α
ααδ(US
0U †)δβ −
∑
δ 6=β
α∗βδ(US
0U †)αδ
∣∣∣∣∣
2
(11)
When α = β the dependence on αββ cancels out. This shows how relevant the role of
the near detectors is regarding the sensitivity to the new physics parameters.
An alternative and widely used parameterization is N = (1 − η)U ′ where η = η†
and U
′
is a unitary matrix [17,18]. The mapping between this hermitian parameter-
ization and the triangular parametrization given in Eq. (10) is provided in [12].
4 Present constraints on deviations from unitarity
PMNS NU from very heavy extra neutrinos modifies precision electroweak and flavour
observables (see for instance [13, 19–21]). These modification translate into very
strong upper limits on the α parameters taken from Ref. [21] and listed in the left
column in Table 1. However, for sterile neutrinos with masses below the electroweak
scale these stringent constraints are lost, since all mass eigenstates are kinematically
available in the observables used to derive the constraints and unitarity is there-
fore restored. The sensitivity of oscillation experiments to sterile neutrino mixing
will depend on the actual value of the sterile neutrino mass, which determines if
the corresponding ∆m2 leads to oscillations for the energy and baseline that char-
acterize the experimental setup. Once oscillations are averaged-out, the constraints
derived will become independent of ∆m2. The bounds in the middle column apply
for ∆m2 & 100 eV2 and will thus be relevant when the sterile neutrino oscillations are
in the averaged-out regimes for both the near and far detectors of most long-baseline
experiments. The bounds in the right column apply for ∆m2 ∼ 0.1 − 1 eV2 and
will thus be relevant when the sterile neutrino oscillations are in the averaged-out
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“Non-Unitarity” “Light steriles”
(m > EW) ∆m2 & 100 eV2 ∆m2 ∼ 0.1− 1 eV2
αee 1.3 · 10−3 [21] 2.4 · 10−2 [22] 1.0 · 10−2 [22]
αµµ 2.2 · 10−4 [21] 2.2 · 10−2 [23] 1.4 · 10−2 [24]
αττ 2.8 · 10−3 [21] 1.0 · 10−1 [23] 1.0 · 10−1 [23]
|αµe| 6.8 · 10−4 (2.4 · 10−5) [21] 2.5 · 10−2 [25] 1.7 · 10−2
|ατe| 2.7 · 10−3 [21] 6.9 · 10−2 4.5 · 10−2
|ατµ| 1.2 · 10−3 [21] 1.2 · 10−2 [26] 5.3 · 10−2
Table 1: Current upper bounds on the α parameters. The limits are shown at 2σ
for the NU case and 95% CL (1 d.o.f.) for the light sterile neutrino limit.
regime for the far detector, but not for the near detector. For a more comprehensive
breakdown of the available constraints and their ranges of applicability, we refer the
interested reader to Appendix A of [12].
5 DUNE sensitivities
The choice of the facility under study is motivated by the strong matter effects that
characterize the DUNE setup and that allow to probe not only the source and detector
effects induced by the new physics in a given channel Pαβ, but also the matter ef-
fects which now provide sensitivity to other αγρ parameters not necessarily satisfying
γ, ρ ≤ α or γ, ρ ≤ β. In the fit, the assumed true values for the standard oscillation pa-
rameters are set according to their current best-fits from Ref. [27]. The mixing angles
and squared-mass splittings are allowed to vary in the simulations, using a Gaussian
prior corresponding to their current experimental uncertainties from Ref. [27] cen-
tered around their true values. The CP-violating phase is left completely free during
the simulations, and its true value is set to δCP = −pi/2. We have performed sim-
ulations for two distinct new physics scenarios. In the first case (ND averaged) we
normalize the oscillation probabilities according to Eq. (4). For the DUNE setup, the
requirement for having averaged-out oscillations at the near detector translates to the
condition ∆m2 & 100 eV2. The second scenario (ND undeveloped) would correspond
to the case where sterile neutrino oscillations are averaged out at the far detector but
have not yet developed at the near detector (this is 0.1 eV2 . ∆m2 < 1 eV2 for the
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Figure 1: Expected frequentist allowed regions at 1σ, 90% and 2σ for DUNE. The
sensitivity to the αβδ parameters not shown here can be found in [12].
DUNE setup). In this case, no extra normalization is needed and the oscillation prob-
ability is directly given by Eq. (3). Figure 1 shows the expected sensitivities to the
new physics parameters. These have been obtained by assuming that the true values
of all α entries are zero to obtain the corresponding expected number of events, and
fitting for the corresponding parameters while marginalizing over all other standard
and new physics parameters. The resulting frequentist allowed regions are shown at
at 1σ, 90%, and 2σ C.L. The case in which DUNE data is complemented by our
present prior constraints on the sterile neutrino mixing (middle and right columns of
Tab. 1 for the ND averaged and undeveloped scenarios respectively) is depicted with
dashed lines while the for the solid lines no prior constraints were included. Notice
that the sensitivities obtained for all parameters fall at least one order of magnitude
short of the current bounds on the NU from heavy neutrino scenario presented in
Tab. 1 (left column). It is remarkable that the sensitivity to the real part of ατµ im-
proves for the ND undeveloped scenario through the combination of DUNE data and
the present priors with respect to both datasets independently, showing an interesting
synergy between data sets. Another conclusion that can be drawn from Fig. 1 is that
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the sensitivities to the diagonal parameters αee and αµµ are significantly stronger for
the ND undeveloped (right panels) as compared to the ND averaged scenario (left
panels). This was to be expected since the source and detection effects that provide a
leading order sensitivity to the diagonal parameters are totally or partially cancelled
once the normalization of Eq. (4) is included (see Eq. (11)). In the disappearance
channel both effects cancel in the ratio, while for the appearance channel there is a
partial cancellation that only allows the experiment to be sensitive to the combination
αee − αµµ. This leads to a pronounced correlation among αee and αµµ, seen in the
upper left panel of Fig. 1. In summary, if both near and far detectors are affected by
the new physics in the same way (as it is the case when the sterile neutrino oscilla-
tions are averaged out at both detectors, or in the NU scenario) their effects are more
difficult to observe since they cannot be disentangled from the flux and cross section
determination at the near detector.
6 Conclusions
We have shown that, when the sterile neutrino oscillations are averaged out (and at
leading order in the small heavy-active mixing angles) both kinematically accessi-
ble sterile neutrinos and PMNS NU stemming from heavy new physics lead to the
same modifications in the neutrino oscillation probabilities. However, the present
constraints which apply to these two scenarios are very different. Indeed, PMNS NU
is bounded at the per mille level, or even better for some elements, through precision
electroweak and flavour observables, while sterile neutrino mixing in the averaged-out
regime is allowed at the percent level since it can only be probed via oscillation ex-
periments themselves. Thus, no impact in present or near-future oscillation facilities
from PMNS NU is expected while sterile neutrino mixing could potentially be discov-
ered by them if the sterile neutrinos are light enough to be produced at the source.
Indeed, our simulations confirm that PMNS NU is beyond the reach of high precision
experiments such as DUNE, but that sterile neutrino oscillations could manifest in
several possible interesting ways. Through these simulations the importance of cor-
rectly accounting for the impact of the near detector was made evident. For instance,
a very significant increase in the sensitivity to the new physics parameters αee, αµµ
was found for the case in which the near detector is not affected in the same way as
the far detector.
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